Climate change provides new challenges to Nordic forestry. Use of non-native species, such as Douglas fir, can be a means of mitigating the effects of climate change and meeting the growing demand for biomass. When Douglas fir is grown in Sweden, it is several degrees of latitude north of its normal range, which can affect timing of growth cessation, hardening of seedlings, and seedling storability. The objective of this study was to investigate tolerance to freezing and sub-zero storability of seven Douglas fir provenances and make comparisons with the native Norway spruce. Freezing tolerance and storability were evaluated by measuring the electrolytic leakage of shoots and roots after freezing, complemented with a three-week cultivation test after storage. All provenances of Douglas fir used in this study were able to tolerate frozen storage at −4°C for about four months. Norway spruce and the interior Douglas fir provenance, Three Valley, could be stored earlier in the autumn than the southern coastal Douglas fir provenances. Consequently, it should be possible to store Douglas fir seedlings with the same routines as for Norway spruce.
Introduction
The impact of climate change is substantial (IPCC 2014) . In boreal countries, like Sweden, forestry and the use of harvested wood can mitigate climate change as forest and wood products are a considerable carbon sink (Werner et al. 2010; Lundmark et al. 2014) . Norway spruce (Picea abies L. Karst) is the most common tree species in Sweden, comprising as much as 42% of the total standing volume (Christensen 2014). However, Norway spruce will have difficulties in coping with higher temperatures due to climate change (Spiecker et al. 1996 ). An alternative to Norway spruce on some locations may be the non-native Douglas fir (Pseudotsuga menziesii (Mirb.) Franco). Douglas fir is of interest because of its potentially fast growth (Karlberg 1961; Nord-Larsen et al. 2009 ), valuable and usable wood and its specific capacity to adapt to changing environmental conditions (Hermann & Lavender 1999; Hansson 2014; Isaac-Renton et al. 2014) . The required quantity of fossil energy for forest management activities (Gonzáles-García et al. 2013b) and environmental impact over the life cycle of Douglas fir compared to Norway spruce (Gonzáles-García et al. 2013a ) are also factors to take into consideration. Douglas fir has been grown in the south of Sweden to a limited extent since the early 1900s (Martinsson & Winsa 1986; Lemoine & Wirtén 1988) . More extensive use has probably been constrained by its known susceptibility to damage by frost, pine weevils, browsing and other pests. Limited access to vital seedlings of suitable provenances has also restricted its more widespread growth (Witte 1948; Kardell 2013 , Wallertz & Malmqvist 2013 , Wallertz et al. 2014 ).
Spring and autumn frosts are among the most common causes of damage to Douglas fir seedlings, both in Sweden and in their natural range in Canada (Newsome et al. 1990; Reich 1990; ). However, their susceptibility to frosts differs widely among different provenances (Snäll 2000; O'Neill et al. 2001; Hansen 2007) . If Douglas fir are to be used widely in Sweden they will be transferred several degrees of latitude northwards. A combination of environmental factors, for example, photoperiod length, air and soil temperature, have been shown to affect growth cessation, bud formation and frost tolerance (Wareing 1956; Ekberg et al. 1979; Lavender 1981; Dormling 1993; Hannerz 1999; Hannerz & Westin 2000) . The thermoperiod is especially important during hardening phase and exposure to low temperatures is needed in order to obtain maximum freezing tolerance (see e.g. Sakai & Larcher 1987) . The difference in the timing of growth cessation is substantial between coastal and interior Douglas fir, the former having a much later cessation of growth (Rehfeldt 1977) . In Sweden it is mostly coastal Douglas fir provenances that are used in practical plantations, whereas in trials, both coastal and interior provenances have been tested (Martinsson 1990; ).
An essential prerequisite for the successful establishment of Douglas fir is that nursery routines should provide seedlings that are vital for planting. Spring vitality of seedlings is often associated with the conditions the seedlings have experienced during storage (Lindström et al. 2014) . To reduce the risk of roots being exposed to harmful temperatures due to the lack of protective snow cover on open land, it has become common practice in Swedish nurseries to keep seedlings in frozen storage (−3°C to −5°C) during winter. The seedlings are normally lifted in October-November and put into storage until planting, in the beginning of April until midsummer. Such frozen storage will probably be a necessary tool to preserve vitality in Douglas fir seedlings destined for planting. In British Columbia, Canada, Douglas fir seedlings are usually lifted in December or January and stored frozen at −2°C until planting starts in February (Turner & Mitchell 2003) .
McKay (1993) concluded that bare-root seedlings of Douglas fir did not perform well after being in cold storage for more than one month due to partial damage to fine roots. In Britain however, satisfactory survival of Douglas fir bare-root seedlings after 16 weeks in cold storage has been reported (Mason & Sharpe 1992) . In order to cope with storage conditions, seedlings need to be freeze-tolerant when first put into sub-zero storage (Stattin et al. 2000; Bigras & Colombo 2001) . Evaluating storability as a function of shoot damage as measured by electrolytic leakage caused by freezing down to −25°C has worked well for Norway spruce seedlings (Lindström & Håkansson 1996; Stattin et al. 2012) . However, to be sure that the seedlings are ready for storage, roots should also be tested for their tolerance to freezing (Stattin et al. 2000) . Roots are more sensitive than shoots to freezing (Colombo et al. 1995) and freezing tolerance of roots increases with low temperatures in the soil (Stattin & Lindström 1999) . Under some circumstances, shoots may be ready for storage while roots may still not have become sufficiently tolerant to freezing (Stattin et al. 2000) . As little is known concerning how different provenances of Douglas fir might cope with the autumn conditions and routines in Nordic nurseries, the three-fold objective of this study was: (1) to investigate freezing tolerance of seven Douglas fir provenances; (2) to evaluate storability in freezing conditions; (3) to compare the Douglas fir data with those of the native Norway spruce.
Materials and methods

Plant material, growing conditions and experimental design
Seven provenances of Douglas fir from British Columbia, Canada, and one Swedish provenance of Norway spruce were raised, first in a green house and then in an open field at Vassbo research station, Sweden, (60°31 ′ N, 15°31 ′ E), see Table 1 . Seeds were sown on 8 April 2013 in 90 ml containers (Svepot Air 90, Svenska Skogsplantor AB, Sweden), filled with a peat-based compost (420 F, Kekkilä Oy, Tuusula, Finland) . The container units have 40 cavities per tray with 547 pots per square meter. Three weeks after sowing, the seedlings were thinned to one seedling per pot. During germination, the pots were watered with tap water. After approximately three weeks, as the seed coats had dropped, the seedlings were fertilized twice a week with a complete fertilizer (N:P:K, 100:13:65 w/v; Wallco, Sweden), rendering a total nitrogen supply of 3 g m −2 week −1
. The seedlings were grown in a greenhouse at an average day/night temperature of 25/20°C until 28 June (Figure 1 ). Hereafter the seedlings were moved outdoors. On the 25 September 2013, the seedlings were moved back into the greenhouse (air temperature > 5°C and natural lightning) avoiding sub-zero temperatures. Air temperatures (outside and in the greenhouse) were measured and logged every 5 min, using copper-constantan thermocouples attached to an automated data logger (Campbell Scientific CR 1000, UK). Each of the seven provenances of Douglas fir and the Norway spruce were grown in eight container units, resulting in approximately 320 seedlings per seed origin. However the Douglas fir provenance Bowser Heaman produced only approximately 160 seedlings because of poor germination, resulting in lack of seedlings for testing. The containers were randomly distributed.
Freezing tolerance was evaluated by measuring electrolytic leakage of shoots and roots caused by freezing. Timing of subzero storage was assessed by survival and root growth in a post-storage cultivation test. For the measurements of shoot electrolytic leakage after freezing, 18 seedlings per seed origin were lifted randomly on each of 5 occasions, see Table  2 . The seedlings were divided into six replicates, each containing three seedlings. Three replicates were dedicated for freezing and three for unfrozen control. Freezing of roots were limited to Norway spruce and the Douglas fir provenances Three Valley (interior) and Ladysmith (coastal) on three occasions (Table 2) . On three occasions (Table 2) , 20 seedlings from each seed origin, except Bowser Heaman (due to lack of seedlings), were randomly picked for frozen storage. The seedlings were put into four sealed plastic bags each containing five seedlings forming four replicates per seed origin for the frozen storage and forthcoming post-storage regrowth test.
Freezing tolerance measurements
Samples of shoots were frozen to −20°C and roots to −5°C and −10°C. The target temperature for the shoots, −20°C, diverges from the standardized SEL diff−25 method where −25°C is used (Lindström et al. 2014) . The argument for departing from the standardized temperature was that the method was developed for Norway spruce. In other experiments, Sakai and Okada (1971) showed that shoots of Norway spruce tolerated −50°C. From experiments where interior Douglas fir tolerated temperatures down to −40°C, Sakai and Weiser (1973) found coastal Douglas fir to be much more sensitive showing a maximum freezing tolerance of −20°C. If seedlings of Norway spruce tolerate shoot freezing to −25°C, the probability of successful frozen storage is very high (Lindström & Håkansson 1996) . For the shoot freezing, stem sections of 2 cm were cut 2 cm and 4 cm from the top of the apical shoot. Normally, when testing freezing tolerance to find out storability, the upper 2 cm of the shoot is used (see e.g. Stattin et al. 2012; Lindström et al. 2014) . The reason for not using the upper part of the shoot was a frost event in September (Figure 1 ), before the measurements started. Among the coastal Douglas fir provenances, between 69% and 88% of the seedlings showed signs of frost injuries to the upper part of the apical shoot. Corresponding figures for the interior Douglas fir provenances were between 25% and 34% while the Norway spruce did not show any visible injuries. In order to secure the lapse, both upper and lower stem sections were tested for Norway spruce and for the least frost injured Douglas fir provenance, Three Valley.
Shoot samples were prepared for freezing (Table 2) by first being cleaned in deionized water before being placed into three screw-capped plastic bottles, three shoots in each bottle. The same numbers of samples were prepared for unfrozen seedlings for each seedling lot. The root samples to be frozen (Table 2) , approximately 4 g in total, consisted of fine roots cut from the tap root of the same seedlings as used for the shoot samples. The roots were washed in cold tap water, rinsed in deionized water and put into screwcapped plastic bottles. As with the shoots, three bottles were prepared for freezing and for unfrozen control with each bottle containing roots from three seedlings. The bottles were then placed in the freezer. The temperature was lowered by 2.5°C per hour to the target temperature, which was held for 1 h. Roots and shoot samples removed from the freezer were placed in pre-chilled boxes filled with styrofoam pellets and placed in cold storage (+ 3°C) for 20 h to ensure slow thawing. After thawing, 40 ml of deionized water were added to each bottle, and the bottles were sealed. Frozen samples and controls were then shaken for 24 h in darkness at a temperature of + 20°C. The electrical conductivity (EC) after freezing to the target temperature (EC frozen ) was measured using a conductivity meter (Model Table 3 ). Shoot-freezing tests included all species and provenances, except Bowser Heaman (see Table 1 ), which were only tested for freezing tolerance on the first three occasions. Root-freezing tests were only conducted with Norway spruce and the Douglas fir provenances Three Valley and Ladysmith. Shoots were frozen to −20°C, roots frozen to −5°C or −10°C. All species and provenances, except Bowser Heaman, were exposed to long-term frozen storage (S) started on three different dates. For freezing tests 18 seedlings per provenance and freezing occasion were used of which 9 were frozen and 9 served as unfrozen control.
Each seedling lot that was tested for frozen storage contained 20 seedlings. Hach SensIon 5, USA) with built-in temperature compensation. The samples were then autoclaved for 20 min at 1.2 bars pressure and allowed to cool to room temperature. After cooling, the conductivity was measured again (EC total ) and relative shoot and root electrolytic leakage (SEL and REL) was calculated as (EC frozen /EC total ) × 100. The natural leakage was calculated as the ratio between EC-values from unfrozen and boiled samples (EC control /EC total ) × 100. Shoot and root electrolyte leakage caused by freezing (SEL diff and REL diff , respectively) were calculated as SEL and REL after freezing subtracted from the natural leakage. SEL −20 and SEL control were considered independent within each freezing occasion, as well as REL −5 , REL −10 and REL control (see Olsson, 2011; Lindström et al. 2014 ).
Cultivation test
The lifted seedlings intended for storage (Table 2) were placed in sealed plastic bags, placed in cardboard boxes, plasticcoated on the inside and patched together with adhesive tape. The boxes were kept for 19 days in cool storage at + 3°C before being put in a commercial plant freezer at Sör Amsberg nursery in Borlänge. The temperature in the freezer was −4°C. The first two storage batches from October and December (Table 2) were taken out of the freezer on 5 May 2014, and the third batch, stored in January, was taken out of the freezer on 2 June 2014. This resulted in 167, 124 and 117 days of frozen storage, respectively, for the three batches, before they were tested for regrowth. After thawing at 5°C for one day, the frozen stored seedlings were planted in a completely randomized design with four replicates each containing five seedlings in order to determine root growth capacity (RGC) and survival. The method described fully by Mattson (1986) was followed. The seedlings were planted in a mixture of sand and peat (50% v/v) and cultured for 3 weeks with air/root zone temperature 20-25°C and a photoperiod of 18 h. During daytime seedlings were exposed to natural light in the greenhouse compartment whereas during early morning and night the light source was provided by high-pressure sodium lamps giving a photon flux density of 325 µmol m −2 s −1 at plant level. After the three-week test, the seedlings were carefully lifted and examined for new root growth. All new roots were cut off, dried at 105°C for 24 h and weighed. A seedling was considered dead if no new roots was detected after exhuming and examining the root system.
Statistical analyses
Mean values for shoot and root electrolytic conductance leakage after freezing and root growth after storage were calculated for each seed origin and occasion before the analyses of variance were performed. All variables followed a normal distribution with equal variances. The following model was used for the analyses:
where μ was the general mean, α i was the effect of seedling origin and ε ij was the experimental error. When significant differences between treatment means occurred, they were separated using least square means adjusted according to Tukey-Kramer. Differences in survival after storage were analyzed with Fischer's exact test, which fit our experimental setup with four replicates, each containing five seedlings. SAS software (SAS Institute, Cary, NC, USA) was used for all analyses of the acquired data. An α-level of 0.05 was used for all analyses.
Results
Shoot electrolytic leakage
There was a significant difference in shoot-freezing tolerance between Norway spruce and Douglas fir in the first freezing in early October (7 October 2013), see Table 3 , whereas this was not found between provenances of Douglas fir. All Douglas fir provenances showed very high shoot electrolytic leakage caused by freezing to −20°C. Data from the next freezing occasion (28 October 2013) showed the difference in freezing tolerance between Norway spruce and Douglas fir provenances to be less. Caycuse River, Ladysmith, Bowser Heaman and Larch Hills were significantly separated from Norway spruce but none of the Douglas fir provenances could be separated from each other. In November the freezing tolerance of Bowser Heaman was not only significantly lower compared to Norway spruce, but also to Three Valley and Larch Hills. Data from the December and January occasions showed no significant differences between species and provenances. Natural leakage for all species and provenances varied within 12.5% and 29.5%. The shoot electrolytic leakage caused by freezing to −20°C of the upper stem sections of Norway spruce and the Douglas fir provenance, Three Valley, was not as high as for the lower stem section samples, but showed the same development over time (Table 3) .
Root electrolytic leakage
The Douglas fir provenance, Ladysmith, was more sensitive to root freezing than Three Valley. Roots of Norway spruce seedlings were the most tolerant in the October root freezing (28 October 2013), see Figure 2 . In the December freezing (9 December 2013), Norway spruce roots were still significantly more tolerant to freezing than the Douglas fir at both −5°C and −10°C, although there was no significant difference between the Douglas fir provenances on this occasion (Figure 2 ). When roots were frozen to −5°C in the third freezing (13 January 2014), no significant differences were obtained. When frozen to −10°C, Norway spruce showed the highest root-freezing tolerance followed by the Three Valley provenance. Ladysmith showed the lowest tolerance when roots were frozen to −10°C.
Post-storage performance
According to Fischer's exact test, survival of Norway spruce, Three Valley and Larch Hills were significantly higher than Ladysmith and Caycuse River (p = .0286) on the first storage occasion. On the following storage occasions no differences in survival after storage between the Douglas fir provenances or Norway spruce were evident (Figure 3) . Regarding root growth, significant differences could only be proved between Norway spruce and Ladysmith at the first storage occasion. On the second storage occasion the northern coastal provenance, Bella Coola, showed vigorous growth during the three weeks of cultivation and was significantly higher than Anstey Arms, one of the interior provenances.
No differences in root growth could be seen when comparing provenances of Douglas fir seedlings and Norway spruce ( Figure 3 ). Note: For each seed origin, SEL diff-20 with the same letters are not significantly different at the α ≤ 0.05 level according to Tukey's test. Figure 2 . REL caused by freezing of roots to −5°C, REL diff-5 (REL (%) after freezing to −5°C−REL (%) from unfrozen roots) and −10°C, REL diff-10 (REL (%) after freezing to −10°C−REL (%) from unfrozen roots). Roots of the Douglas fir provenances Ladysmith (coastal), Three Valley (interior) and also for the Norway spruce were frozen. Root freezing to −5°C was done on 28 October 2013 (top left), 9 December 2013 (top middle) and 13 January 2014 (top right). Root exposure to −10°C was also performed on 9 December 2013 (bottom middle) and 13 January 2014 (bottom right). N = 3. Mean values indicated with a common letter indicates no significant differences at p = .05 according to Tukey's test.
Discussion
In this study Norway spruce reached the target value for safe frozen storage (SEL diff−25 ≤ 5) on the first freezing occasion. This was in accordance with other comparable studies (e.g. Lindström et al. 2014 ). According to Stattin et al. (2000) Norway spruce seedlings can safely be transferred to frozen storage when REL caused by freezing to −5°C differs by less than 7 from that of unfrozen roots. The REL of the Norway spruce and the two Douglas fir provenances tested exceeded this value considerably on the first root-freezing occasion. Nevertheless, all the seedlings of Norway spruce and the interior Douglas fir provenance, Three Valley, survived longterm frozen storage. A probable reason for the seedlings performing well during storage is that the seedlings were coldstored at + 3°C for three weeks after the measurement of REL caused by freezing to −5°C, which was long enough for them to increase their root-freezing tolerance sufficiently to tolerate the subsequent frozen storage at Sör Amsberg nursery. The main environmental factor enhancing cold acclimation of roots is decreasing soil temperature (Ryyppö et al. 1998; Stattin & Lindström 1999 ). As we may encounter warmer autumns due to climate change, there is a risk that the seedlings will develop freezing tolerance even later in the autumn. To put the seedlings in cold storage for a short period prior to frozen storage may be a necessary procedure to avoid root injuries during storage. In spite of the cold storage before being put into frozen storage, just a few of the Ladysmith seedlings survived freezing though. According to the post-storage cultivation tests, all provenances of Douglas fir used here became storable at −4°C for about four months. The highest survival and root growth among Douglas fir was accomplished when seedlings were lifted for storage at the beginning of December. Apart from Norway spruce and the Three Valley Douglas fir provenance, the earlier storage date resulted in low survival for the Douglas fir provenances. However, the seedlings stored on the first storage occasion were also those that were stored for the longest time; the lower survival rates among these five Douglas fir provenances could therefore be due to a combination of low freezing tolerance and a long storage time, as noted by L' Hirondelle et al. (2006) .
Long night treatment is used to induce early growth cessation and bud set, and to speed up dormancy induction and the development of freezing tolerance in order to prepare seedlings either for cold storage or for autumn planting (Grossnickle 2000 , Turner & Mitchell 2003 Jacobs et al. 2008; Fløistad & Granhus 2013) . The use of automatically controlled blackout curtains to prolong the nights has been common practice in Swedish nurseries for about 40 years (RosvallÅhnebrink 1982) , in particular to render southern provenances of Norway spruce ready for storage at an earlier date than would be the case at natural night lengths. Treating Douglas fir with long night treatment might well be an option for improving the possibility of their safe long-term storage in northern nurseries. However, if the length of storage time is crucial for the vitality of the seedlings after storage, blacking-out may not be an appropriate solution. There is a need to evaluate the effects of different long night treatment programs to elucidate the optimum treatments for different provenances. The long night treatment effects on time of bud break the following spring under Scandinavian conditions should also be studied and compared to similar investigations, for example, Jacobs et al. (2008) .
According to their survival rates after the long-term frozen storage, most Douglas fir provenances reached storability six weeks later than Norway spruce. The same disparity in time was not so evident in the data concerning the shoot electrolytic leakage. For safe lifting, L'Hirondelle et al. (2006) suggest a shoot electrolytic leakage threshold value of 25-26% for seedlings frozen to −18°C. In that study, however, shoot electrolytic leakage was measured only on frozen samples and was not related to natural leakage, that is, electrolytic leakage of unfrozen samples, as we did in our study. Consequently the level of this recommended threshold might not be applicable. The provenances Bella Coola, Three Valley and Anstey Arm performed better in the cultivation test than the southern coastal provenances Caycuse River and Ladysmith in late October. The interior provenance, Larch Hills, from this occasion is somewhat puzzling: despite having higher shoot electrolytic leakage of about the same value as Caycuse River and Ladysmith, Larch Hills performed just as well in storage as the other interior provenances. This study indicates that the results from shoot electrolytic leakage are somewhat unreliable for predicting storability and post-storage survival in Douglas fir seedlings. To be sure of their readiness for frozen storage, the freezing tolerance of shoots should be complemented with that of root as suggested by Lindström et al. (2014) . All samples showed higher levels of natural leakage from shoots than normally found in autumn (see e.g. Lindström & Håkansson 1996; Lindström et al. 2014) , suggesting that the seedlings were already stressed before being frozen. The frost exposure that accidentally occurred on the open land in September could be a reason for disturbances within the cell structure of shoots causing leakage. However, since the results from the freezing performed on the upper (presumably undamaged) stem section did not differ substantially from the results from the freezing of the lower stem section, the results may still be considered reliable in that respect.
In this study the interior Douglas fir provenances showed higher survival and better root growth after storage than did the southern coastal Douglas fir provenances when stored early. The northern coastal Douglas fir provenance, Bella Coola, had an intermediate performance concerning both post-storage survival and root growth. The development of freezing tolerance by roots within species has been shown to be related to the latitude from where the seed originates; for Norway spruce Lindström and Nyström (1987) have shown that northern provenances have a faster rate of increase of freezing tolerance during autumn and early winter. Roots of Sitka spruce (Picea sitchensis (Bong.) Carr.) exhibit similar pattern (McKay 1994) . However, elevation and continentality are also factors to take into consideration. In a storability test in British Columbia, Canada, frost hardiness increased earlier in interior Douglas fir compared to coastal Douglas fir (L' Hirondelle et al. 2006) . As for increasing latitudes, genotypes at higher elevations have adapted to the harsh climate by exhibiting early growth cessation and early development of frost hardiness (Heide 1974; Dormling & Lundkvist 1983; Rehfeldt 1989) . The high elevation of the interior Douglas fir provenance, Three Valley, may explain why this provenance showed good storage results even for the earliest stored batch. The Three Valley provenance was the only one of the six tested provenances that coped with the frozen storage environment just as good as the Norway spruce. The freezing tolerance of roots is not only important for the seedling storability, but also for how the seedlings cope with soil temperatures in the field during late autumn and winter. Lindström and Troeng (1995) measured the winter temperature in scarified patches, and in organic and mineral mounds with and without snow cover, and noted many hours of temperatures below −5°C in both organic and mineral snowless mounds, and the presence of low temperatures in snowless scarified patches as well. As shown in this study, freezing tolerance of roots is generally lower for Douglas fir seedlings compared with Norway spruce seedlings. Low soil temperature could be a problem during snow-free cold periods for this species, making the provenance selection even more important.
Since all tested provenances of Douglas fir in this study became enough freezing tolerant to survive frozen storage at −4°C for about four months it should be possible to store Douglas fir seedlings using the same routines and equipment as is currently practiced for Norway spruce in Sweden. However, freezing tolerance occurred later for Douglas fir in the autumn than for Norway spruce, indicating a possible risk for the Douglas fir seedlings to suffer from early frost before putting in frozen storage, as well as in the field. The shoot electrolytic leakage method for assessing storability which is generally used for Norway spruce in Sweden would also be suitable for Douglas fir, provided measurements of REL are also undertaken. To obtain a reliable threshold value for storability further studies are necessary.
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